INTRODUCTION
mTOR, a serine/threonine kinase, plays a central role in regulating cell growth and survival (1) (2) (3) . The mTOR pathway is believed to largely drive the malignant behavior of many types of tumors. Therefore, mTOR inhibition is considered an attractive target for cancer therapy. Rapamycin is a well-characterized mTOR inhibitor (4) , and several rapamycin derivatives have been developed (e.g., CCI-779 and RAD001) (5) . As single agents, mTOR inhibitors have interesting but modest antitumor activity (6) (7) (8) . However, radiosensitizing effects of mTOR inhibitors have been reported in breast and prostate cancer cell models (9) (10) (11) and in glioma and HNSCC xenografts in mice (12, 13) . Therefore, a combination strategy has significant clinical potential (14) . mTOR inhibitors enhance the cytotoxic effects of radiation in breast cancer cell models via attenuation of radiation-induced prosurvival Akt/ mTOR signaling (9) . However, additional possible mechanisms of rapamycin radiosensitization activity have not been investigated. Therefore, the molecular basis for radiosensitization activity of mTOR inhibitors remains largely unknown.
Radiation therapy is an efficient and widely used modality for cancer treatment. Ionizing radiation damages DNA by both addition and abstraction reactions resulting in base and sugar-derived products, SSBs and DSBs, and DNA-protein crosslinks (15, 16) . Of these lesions, DSBs have the greatest potential for cell killing (17, 18) , because the radiosensitivity of tumor cells is greatly influenced by the ability to repair DNA DSBs (19, 20) .
Homologous recombination (HR) and nonhomologous end joining (NHEJ) are two highly organized mechanisms capable of repairing radiation-induced DSBs (17) . HR is a slower and typically error-free repair process and takes place predominantly in S-and G 2 /M-phase cells (21, 22) . In general, HR is triggered when a DSB is processed to a 39 single-strand DNA tail via resection (23, 24) by Mre11/Rad50/NBS1 complex in mammalian cells (25, 26) . Once single-strand DNA is generated, it is rapidly bound by the single-strand DNA binding protein RPA, which is in turn displaced by Rad51. Mediators such as BRCA2 or Rad52 play a role in loading of Rad51 onto RPA-coated single-strand DNA (27) . The resultant Rad51 filament facilitates DNA strand invasion and exchange steps. The previous gapped region of damaged DNA has a template of undamaged duplex that then can be repaired by gap repair synthesis and ligation. HR also plays an important role in cell replication. Cells with impaired HR exhibit cell replication defects due to generation of DSBs during replication that are not properly repaired. The essential role of HR in replication is illustrated by the pronounced proliferative defect and embryonic lethality of mice with knockouts of genes required for HR, including the Rad51 recombinase or the breast cancer susceptibility genes BRCA2 or BRCA1 (28) . Indeed, the primary purpose of HR may be its role in DNA replication (29) .
In contrast, NHEJ is a relatively fast and error-prone process in which nucleotide alterations are tolerated at the sites of rejoining. NHEJ is used during the G 0 , G 1 and early S phases of the cell cycle (30) . In mammalian cells, the first step in NHEJ is recognition of DNA termini by the DNA end-binding protein Ku (23) . Kudependent recruitment of DNA-PKcs to DNA termini stimulates the kinase activity of this protein and promotes the phosphorylation of a number of substrates in vitro. The final step of NHEJ is the rejoining of DSBs by the DNA ligase IV/XRCC4 protein complex (31) (32) (33) . Many DSB responsive proteins are required for both HR and NHEJ, including BRCA1 and Mre11 complex. Defects in either HR or NHEJ or both lead to the enhanced sensitivity to ionizing radiation (34) .
Here we demonstrate that mTOR inhibition by rapamycin results in the inhibition of repair of ionizing radiation-induced DSBs by both HR and NHEJ in breast cancer cells. The decreased DSB repair by HR is correlated with the abrogated recruitment of BRCA1 and Rad51. The suppressive role of rapamycin on both HR and NHEJ is reflected by the persistent DSBs detected by the comet assay and c-H2AX protein analysis. Moreover, rapamycin-treated cells have increased frequencies of chromatid and chromosome breaks that are enhanced by ionizing radiation. Our studies suggest that the disruption of HR-and NHEJmediated DSB repair is a molecular mechanism of radiosensitization by mTOR inhibitors. Our work provides the preclinical rationale for combining mTOR inhibitors with conventional radiotherapy in cancer patients, particularly breast cancer patients.
MATERIALS AND METHODS

Homologous Recombination Assays
HR was measured in MCF7-pDR-GFP cells according to ref. (35) . In brief, to determine the chromosomal HR frequency, MCF-7 cells with chromosomal HR reporter DR-GFP integrated were used. The cells with or without rapamycin treatment were transfected with I-SceI expression vector pCMV3xnls-1-Sce-I or a control vector or construct pGFP, containing the full-length GFP cDNA, as a calibration control for GFP-positive cells (36, 37) . Forty-eight hours after I-SceI transfection, cells were trypsinized to form a single-cell suspension in Dulbecco's modified Eagle medium (Sigma) and subjected to flow cytometry. Two-color (green and propidium red) fluorescence analysis revealed the percentage of green fluorescent cells relative to the total cell number. For each analysis, 20,000 cells were processed, and each experiment was repeated three times.
Assay of NHEJ by Circularization of Linear Plasmid Substrate
The assay of NHEJ by circularization of linear plasmid substrate has been described elsewhere (38) . pGL3-MCS was cleaved between the promoter and luciferase reporter gene. Cells were cotransfected with a pRL-SV40 internal control (renilla luciferase, Promega) and either cleaved substrate or a circular positive control using LipofectAMINE. All transfections were done in parallel. Cell extracts were prepared 24 h later according to the instructions of the manufacturer and assayed in a luminometer using the DualLuciferase Reporter Assay System (Promega). The relative DSB rejoining activity was obtained by comparison of firefly luciferase activity detected in cells transfected with linearized substrate relative to cells transfected with circular plasmid corrected for transfection efficiency and expression levels.
Immunofluorescence Analysis
The cells were treated with 0.5% Triton X-100 in Cytoskeletal buffer, then fixed with 4% formaldehyde (36, 37) . The fixed cells were permeabilized using 0.1% Triton X-100 in PBS for 15 min followed by blocking with 10% fetal bovine serum and then incubation with primary antibodies. The bound antibodies were revealed by goat-antimouse IgG Alexa Fluor 594. The slides were viewed at 10003 magnification on an Olympus fluorescence microscope (BX40 with Magna-Fire CCD camera). Irradiation was performed using a Pantak pmc1000 X-ray machine with a 0.1-mm copper z 2.5-mm aluminum filter at a dose rate of 1.1 Gy/min.
Cell Cycle Analysis
MCF7 cells were treated with rapamycin for 10 h or 24 h. Then the cells were collected and fixed with cold 70% ethanol and incubated for 30 min with staining solution containing RNase A (250 mg/ml, Sigma), propidium iodide (25 mg/ml, Sigma) and 0.1% Triton X-100. DNA content was measured by flow cytometry (FACSAria, NIH Grant: RR022402). Raw data were analyzed to get the percentages of cells in G 1 , S and G 2 /M phases.
Immunoblotting
Cell extracts were prepared in RIPA buffer (50 mM Tris 8.0, 150 mM NaCl, 5 mM EDTA, 0.5% sodium deoxycholate, 0.1% SDS, 1% NP-40); proteins were resolved by SDS-PAGE and transferred to PVDF membranes. Immunoblots were performed using the appropriate antibodies.
Comet Assay
The neutral comet assay was performed using the Comet Assay kit from Trevigen (Gaithersburg, MD) following the manufacturer's instructions. Lysis occurred at 4uC for 30 min. Comets were analyzed using CometScore software (TriTek, Sumerduck, VA).
Fluorescence In Situ Hybridization (FISH) for Chromosome Aberration Analysis FISH was performed using pan-telomeric peptide nucleic acid (PNA) probes as described previously (39) . Telomere (C3TA2)3-specific probes directly labeled with Cy3 fluorescent dyes were obtained from Applied Biosystems (Foster City, CA). The cells with or without rapamycin treatment were irradiated (2 Gy) and processed for FISH analysis 24 h later as described previously (39) .
RAPAMYCIN INHIBITS DNA DOUBLE-STRAND BREAK REPAIR
Antibodies
Mouse anti-BRCA1 (D-9, Santa Cruz) was used at 1:100 for Western blotting and immunofluorescence staining. Monoclonal antibodies RPA1 (Ab-1) and RPA2 (Ab-2) were purchased from Calbiochem and used at 1:100 for Western blotting and at 1:200 for immunofluorescence staining. Monoclonal antibodies for Rad51 (Ab-2, Calbiochem, and 14B4, Abcam) were used at 1:200 for Western blotting and for immunofluorescence staining, respectively. Mouse anti-c-H2AX (Ser139, clone JBW301, Millipore) was used at 1:1000 for Western blotting and at 1:500 for immunofluorescence staining. Both rabbit anti-p70S6 kinase antibody and rabbit anti-phospho-p70S6 kinase (Thr389) antibody were purchased from Cell Signaling and were used at 1:1000 dilutions for Western blotting. Goat anti-Ku70 antibody, goat anti-XRCC4 antibody, and rabbit anti-53BP1 were purchased from Santa Cruz Biotechnology and used at 1:1000, 1:400 and 1:500, respectively, in immunoblotting. Mouse anti-DNA-PKcs antibody (Thermo) was used at 1:500 dilutions for Western blotting. Rabbit anti-MRE 11 antibody (Novus Biologicals) was used at 1:5000 dilution for Western blotting. Rabbit anti-NBS1 antibody and Rabbit anti-Rad50 antibody (Novus Biologicals) were used at 1:500 and 1:2000 dilution for Western blotting, respectively. Secondary antibodies used were goat-anti-mouse IgG-HRP conjugated, goat-anti-rabbit IgG-HRP conjugated and donkey-anti-goat IgG-HRP conjugated at 1:5000 dilution. The secondary antibody, goat-anti-mouse IgG Alexa Fluor 594, was used at 1:500 concentration.
RESULTS
Rapamycin Mediated Inhibition of DSB Repair by HR in MCF7 Cells
To determine the role of the mTOR inhibitor rapamycin in DSB repair, we first measured HRmediated DSB repair in the breast cancer cell line MCF7 since it has been suggested that mTOR inhibition sensitizes MCF7 cells to radiation (9, 11) . To measure the frequency of HR, we used MCF7 cells that carry the DR-GFP HR reporter substrate (37) . Transient expression of the rare cutting restriction enzyme I-SceI produces a DSB in one of the two GFP mutant genes in pDR-GFP ( Fig. 1A) (40) . The DSB can be repaired by HR between the two GFP mutant genes, resulting in the restoration of a functional GFP gene. Thus the percentage of GFPpositive cells is a readout of the efficiency of HR-mediated DSB repair (Fig. 1A) . The I-SceI expression plasmid was transfected into MCF7 cells, and 4 h later rapamycin (25 ng/ ml) was added into the medium for an additional 10 or 24 h, then replaced with fresh medium. Forty-eight hours after rapamycin removal, the percentage of GFP-positive cells was measured by flow cytometry (Fig. 1B) . Rapamycin treatment significantly decreased the percentage of GFPpositive cells in comparison with nontreated cells (Fig. 1C) . A lower dose of rapamycin (10 ng/ml for 10 h) reduced the inhibitory effect on HR (data not shown). Therefore, there is a dose-related effect on I-SceI-induced HR. To rule out the possibility that this severe defect in HR-mediated repair was caused by alteration of cell cycle distribution, we examined the effect of rapamycin on the cell cycle. We found that the fractions of cells in G 1 , S and G 2 phases were virtually identical in cells with or without rapamycin treatment for 10 h (Fig. 1D ), whereas cells treated with rapamycin for 24 h accumulated in G 1 phase. We conclude that inhibition of mTOR by rapamycin leads to a defect in HR-mediated DSB repair. We chose 25 ng/ml rapamycin for 10 h for use in our subsequent studies, since this treatment did not alter the cell cycle profile (Fig. 1D ).
Rapamycin Pretreatment Suppresses the Recruitment of Rad51 and BRCA1 before and after Irradiation
To investigate the molecular mechanism by which rapamycin impairs HR, we first examined the formation of Rad51 subnuclear foci, reflecting the assembly of Rad51 at the single-strand DNA tail of resected DSBs ( Fig. 2A, lower panel) . We found that treatment with rapamycin significantly reduced the percentage of positive cells with Rad51 foci after irradiation ( Fig. 2A , upper panel). These data suggest that rapamycin treatment leads to a defect in the recruitment of Rad51 to sites of DSBs. Next, we investigated whether rapamycin affects recruitment of BRCA1, a protein required for Rad51 recruitment (38) . We found that rapamycin treatment reduced the percentage of cells with BRCA1 foci both before irradiation and 6 h after irradiation (Fig. 2B , upper and lower panels), indicating that rapamycin treatment leads to a defect in spontaneous and radiation-induced foci of BRCA1. Representative radiation-induced foci of Rad51 and BRCA1 in cells with rapamycin pretreatment are shown in Fig. 2A and B (bottom panel). Again, the defective BRCA1 and Rad51 recruitment in cells pretreated with rapamycin was not due to the alteration of the cell cycle since an identical cell cycle profile was observed (Fig. 1D) .
To test whether the decreased proportion of cells with BRCA1 or Rad51 foci was caused by impaired singlestrand DNA resection, we examined the effect of rapamycin on radiation-induced foci of RPA2, one subunit of the single-strand DNA binding protein RPA complex. We found that the proportion of cells with radiation-induced foci of RPA2 was not significantly different in cells with or without rapamycin treatment before and after exposure to ionizing radiation (Fig. 2C , upper panel), indicating that single-strand DNA resection and RPA recruitment are intact in cells treated with rapamycin. Representative ionizing radiation-induced foci of RPA2 are shown in Fig. 2C (bottom panel) . These results suggest that rapamycin suppresses the recruitment of BRCA1 and Rad51 in response to DSBs and that the inhibition of BRCA1 and Rad51 recruitment by rapamycin cannot be caused by an alteration in single-strand DNA resection and RPA recruitment.
Reduced Efficiency of NHEJ-Mediated DSB Repair by Rapamycin
To study the role of rapamycin on NHEJ, we used a reporter reactivation assay described by Zhuang et al. (41) . The plasmid substrate pGL3-MCS was cleaved by the restriction endonuclease in vitro between the promoter and the luciferase reporter gene, thereby preventing expression of the reporter in vivo (Fig. 3A) . The linearized plasmid was introduced into cells together with an internal control plasmid. After 4 h, the cells were treated with or without rapamycin for 10 h. Intracellular recircularization of linearized DNA was detected by measuring luciferase activity after 48 h of incubation in the medium without rapamycin. The rejoining of blunt ends (EcoRV) in rapamycin-treated cells was slightly decreased; however, the difference was not statistically significant (Fig. 3B) . However, rapamycin treatment led to a significant decrease in rejoining of incompatible ends (ApaI and Pst) compared to cells without rapamycin treatment (Fig. 3C) . Thus rapamycin disrupted the proficient rejoining of linearized extrachromosomal plasmid substrates. These results suggest that the inhibition of mTOR by rapamycin has a significant suppressive effect on NHEJ.
It should be noted that the mechanisms of recircularization of ''naked'' extrachromosomal linearized DNA may be different from the rejoining of chromosomal DSBs, which are packed in highly organized chromatin. Therefore, it would be interesting to assess the effect of mTOR inhibition on NHEJ in an assay based on the rejoining of DSBs generated in the NHEJ substrate integrated in the chromatin in the future.
Rapamycin Pretreatment has no Effect on the Levels of Proteins Required for HR and NHEJ
The inhibition of mTOR may result in a general translational decrease due to the inhibition of downstream factors including ribosomal protein S6 kinase (p70S6K) (activation) and eukaryotic translation initia- Therefore, a hypothetical mechanism that could explain the suppressive role of rapamycin on both HR and NHEJ is that the levels of proteins required for DSB repair are down-regulated by rapamycin treatment. To test this idea, we screened the major proteins required for HR-and NHEJ-mediated DSB repair. We found that the levels of BRCA1, Rad51, RPA1, RPA2, Rad52, MRE11, Rad50 and XRCC4 that are required for HR and/or NHEJ are not significantly different between cells with or without rapamycin treatment before and after 8 Gy irradiation. Although a recent study demonstrated that rapamycin treatment leads to increased 53BP1 protein levels (42) in HeLa cells, we did 218 not observe obvious changes in 53BP1 protein levels with or without rapamycin treatment in MCF7 cells (Fig. 4) . One exception was that the levels of DNAPKcs, increased slightly in rapamycin-treated cells (Fig. 4B) . Interestingly, we also observed that NBS1 protein levels appear to increase after irradiation in the cells with rapamycin pretreatment (Fig. 4B) . BRCA1 and the Mre11/NBS1/Rad50 complex function in both HR and NHEJ. The fact that phosphorylated p70S6K, a readout of rapamycin function on translation initiation, is effectively blocked by a 10-h rapamycin treatment (Fig. 4C) indicates that the levels of the tested proteins are not altered by the translational inhibition of rapamycin. In addition, c-Myc, one of the well-known rapamycin-responsive proteins (43) , is down-regulated in cells with rapamycin treatment, suggesting that rapamycin is functioning under our experimental conditions (Fig. 4C) . Therefore, the proteins we tested, which are required for HR and NHEJ, are not direct targets of rapamycin. Overall, impairment of HR and NHEJ by rapamycin cannot be explained by decreased levels of the tested proteins. However, we cannot exclude the possibility that rapamycin down-regulates the levels of proteins that were not tested in our study.
Rapamycin Treatment Leads to Increased DSBs
The presence of DSBs in chromatin causes a prompt initiation of the phosphorylation of the histone H2A variant H2AX at serine 139 to generate c-H2AX, which can be detected by immunoblotting or immunofluorescence staining. Therefore, this modification can be used as a marker for mechanistic studies of DSB induction and processing (44) (45) (46) . The defect in DSB repair in cells treated with rapamycin should lead to persistence of c-H2AX since HR-and NHEJ-mediated DSB repair were blocked by the drug. To test this idea, we first measured c-H2AX protein levels in untreated cells and cells treated with rapamycin alone, radiation alone, or both. The cells treated with rapamycin and radiation exhibited increased c-H2AX protein levels (Fig. 5A) , indicating that rapamycin causes retention of unrepaired radiationinduced DSBs. We next analyzed the effect of rapamycin on c-H2AX foci. We found that the proportions of cells with c-H2AX foci are similar in rapamycin-treated or untreated cells. In unirradiated cells, the proportions were 32% and 35%, respectively, and 80% and 84%, respectively, after irradiation. However, we observed two distinct types of cells with c-H2AX foci. Type I cells contain smaller foci of c-H2AX (Fig. 5B, yellow arrow) and type II cells contain larger, bright foci or both larger and small foci (Fig. 5B, white arrowhead) . It appears unlikely that the large, bright c-H2AX foci represent PML bodies since they are not colocalized with PML protein (see Supplementary Fig. S1 ). We quantified the frequency of type I and type II cells in cells treated with radiation alone or with rapamycin followed by radiation. The frequency of type II cells after treatment with radiation alone was 25% compared to 65% for cells treated with both rapamycin and radiation (Fig. 5C) . We speculated that the larger, bright c-H2AX foci represent the unrepaired DSBs. Cells with representative c-H2AX foci are shown in Fig. 5B . To verify that the increased c-H2AX protein levels or percentage of cells with large, bright c-H2AX foci after rapamycin treatment (Fig. 5A-C) result from an accumulation of DSBs, we next measured DSBs in cells with or without rapamycin treatment by a comet assay under neutral conditions, in which DNA DSBs but not SSBs can be detected. DSBs were analyzed in irradiated MCF7 cells and MCF7 cells pretreated with rapamycin and exposed to radiation. In untreated cells, we found that 55% and 89% of DSBs were repaired in the first 30 min and 6 h after irradiation, respectively, in contrast to 27% and 76% of DSBs for cells pretreated with rapamycin at the same times (Fig. 5D) . These values were significantly different (t test, P , 0.01 for 30 min and P , 0.05 at 6 h postirradiation). It has been suggested that the repair of DSBs after irradiation usually follows bimodal kinetics with fast and slow repair phases (47) . In addition, NHEJ and HR play a role in the removal of DSBs with fast kinetics and in the slow phase of repair, respectively (48) (49) (50) .The fact that rapamycin leads to the accumulation of DSBs in both the early and late stages after irradiation is in agreement with the notion that rapamycin treatment blocks both NHEJ-and HR-mediated DSB repair.
Taken together, these results suggest that mTOR inhibition leads to the accumulation of radiationinduced DSBs due to a defect in both HR and NHEJ.
The effect of mTOR inhibition on DNA DSB repair was further confirmed with a second mTOR inhibitor, everolimus (RAD001). Similar to rapamycin, RAD001 treatment led to a decreased HR and impaired radiationinduced fast repair process ( Supplementary Fig. S2 ), which corresponds to NHEJ (48) (49) (50) . These results further support our finding that mTOR inhibition suppresses DNA DSB repair pathways.
Rapamycin Treatment Results in Increased Chromosome and Chromatid Breaks
Defective HR and NHEJ pathways should cause increased chromatid and chromosome breaks. Chromo- At least 150 images per point were analyzed at the indicated times, and the Olive tail moment (OTM) was determined using CometScore software. Olive tail moment is a measure of both the amount of DNA and the distribution of DNA in the tail. Data are presented as the ratio of the OTM at the indicated times to the OTM immediately after irradiation. The results are from three independent experiments. Note the significant increase of DSBs at the indicated times after irradiation in cells with rapamycin pretreatment compared to the cells without rapamycin pretreatment (t test, P , 0.01 for 30 min postirradiation and P , 0.05 for 6 h postirradiation). Rap, rapamycin; IR, ionizing radiation; IRIF, ionizing radiation-induced foci.
some breaks result when a cell is irradiated in G 1 phase before the chromosome has been duplicated. In this case, breaks produced by radiation are replicated during DNA replication. This leads to a chromosome aberration that is visible at the next mitosis. If, on the other hand, breaks occur when cells are exposed to radiation after DNA replication, then chromatid aberrations are formed. The suppression of both HR and NHEJ by rapamycin should cause an increase in both types of aberrations. To confirm this, we determined the effect of rapamycin on chromosome and chromatid breaks using fluorescence in situ hybridization (FISH). The cells pretreated with rapamycin displayed higher frequencies of both chromosome breaks (Fig. 6A, upper panel) and chromatid breaks (Fig. 6B, upper panel) before and after irradiation, which is consistent with the increased DSBs detected by c-H2AX protein levels or comet assay (Fig. 5) . Figure 6C shows the overall radiation-induced chromosome abnormalities, including chromosome breaks and chromatid breaks, in cells with or without rapamycin treatment. Representative chromatid and chromosome breaks are shown in Fig. 6A and B (bottom panels). In cells with rapamycin pretreatment, ionizing radiation also induced radial structures, such as quadri-radial aberrations (Fig. 6D) , generated by the increased frequency of chromatid breaks and subsequent interchromatid fusions. In contrast, we did not observed any radial structures in cells receiving only radiation treatment. The presence of higher frequencies of radial chromosomes in cells with rapamycin pretreatment further indicates the suppressive role of rapamycin on HR since cells deficient in HR such as those deficient in the FA/BRCA2 pathway often show similar chromosome aberrations (51, 52) . mTOR inhibition causes elevated frequencies of chromosome breaks as well as chromatid breaks. The results shown in Fig. 6 agree with the inhibition of both HR-and NHEJ-mediated DSB repair by rapamycin shown in Figs. 1-3 . (14) , mTOR inhibitors have been reported to function as radiation sensitizers in a breast cancer cell model and in other tumor xenografts in mice (9, 10, 12, 13) . Therefore, the improvement of our understanding of molecular mechanisms by which mTOR inhibitor sensitize cells to radiation may have a great impact on clinical practice.
Our report provides the first demonstration that the mTOR inhibitor rapamycin disrupts repair of DSBs, a major mechanism determining the efficacy of cell killing by ionizing radiation. We found that rapamycin suppresses both HR and NHEJ. In addition, defects in Rad51 and BRCA1 recruitment to DNA repair foci were observed in cells pretreated with rapamycin, whereas no effect on RPA2 recruitment was observed. In support of the role of rapamycin in HR-and NHEJ-mediated DSB repair, persistent ionizing radiation-induced DSBs in cells treated with rapamycin was observed compared to untreated cells. Our study illustrates that rapamycin functions as a radiation sensitizer via disruption of both major DSB response pathways. The fact that an mTOR inhibitor was also reported to attenuate radiationinduced prosurvival via Akt/mTOR signaling and to enhance the cytotoxic effects of radiation in breast cancer cell models (9) suggests that mTOR sensitizes the cells to radiation via multiple mechanisms.
Consistent with the role of rapamycin in HR suppression (Fig. 1) , rapamycin blocked the recruitment of BRCA1 and Rad51 to the DSB sites induced by radiation (Fig. 2) . It is possible that the impaired BRCA1 recruitment accounts for the lack of Rad51 foci since BRCA1 is critical for Rad51 recruitment (38) . Rapamycin treatment alone also suppresses spontaneous BRCA1 and Rad51 recruitment (Fig. 2) and leads to the persistence of spontaneous DSBs (Fig. 5) . HR plays an essential role in cellular proliferation because DSBs generated during DNA replication require HR-mediated repair (55). Thus we suggest that the defect in HRmediated DNA repair caused by rapamycin inhibitors contributes to the antitumor effect.
We also observed that rapamycin treatment leads to a defect in NHEJ (Fig. 3) ; this is supported by the observed delay in radiation-induced DSB repair during the first 30 min, since NHEJ is the predominant repair mechanism during this time. However, one of the outstanding questions raised by our finding is how rapamycin blocks both HR and NHEJ. The molecular mechanism by which rapamycin interferes with HR and NHEJ appears to be unrelated to the down-regulation of protein levels since the levels of the major proteins required for HR and NHEJ are either unaffected or slightly increased by rapamycin treatment (Fig. 4) . However, we cannot exclude the possibility that other DSB repair proteins that were not tested in our study are down-regulated by mTOR inhibition. We speculate that DSB repair proteins are not direct targets of rapamycin but that their function in DSB repair is blocked by mTOR inhibition. There is ample evidence that modification of chromatin structure plays a central role in the regulation of DSBs (12) . Modification of chromatin structure will be important for all pathways used by the cell to repair DSBs, particularly HR (15) (16) (17) . NHEJmediated repair (18) requires a more limited chromatin modification. One potential possibility is that rapamycin may impair chromatin remodeling processes required for the DSB repair process. The DSB repair machinery could not function properly after rapamycin treatment, although the proteins required for HR and NHEJ repair were unchanged or even increased (Fig. 4) (42) . A recent report suggested that mTOR inhibition down-regulated several proteins functioning in chromosomal integrity but did not regulate those involved in the DNA damage response (42) . Thus the hypothesis that rapamycin impairs HR and NHEJ due to chromatin alterations needs to be tested in the future.
Our data provide evidence that the effectiveness of mTOR inhibition in radiosensitization (9-13) is due to the disruption of the radiation-induced DSB repair pathway. A recent quantitative nuclear proteomics analysis demonstrate that mTOR inhibition activates ATM-induced DNA damage responses (42) . The authors proposed that the increased levels of proteins required for DNA damage response upon rapamycin treatment leads to the enhanced resistance to radiation in HeLa cells (42) . However, this study did not examine how rapamycin regulates the radiation-induced DNA damage response. The differences in cell types may contribute to the variable effects of mTOR inhibition on radiation-induced cell killing. However, the molecular basis underlying these different effects is not clear. Since radiosensitization by mTOR inhibition is not a universal phenotype, one challenge will be to identify the cancer patients who would benefit from the combination of mTOR inhibition and radiation.
Radiotherapy is an important adjuvant therapy for breast cancer. Therefore, blocking repair of radiationinduced DSBs by rapamycin may be a method for enhancing the cytotoxic effects of radiation in breast cancer patients. In addition, chemotherapy is a powerful modality for breast cancer treatment. Many chemotherapeutic drugs kill tumor cells by directly or indirectly causing DSBs. Our finding that mTOR inhibitors impaired the radiation-induced DSB repair pathway may have implications for a combination of rapamycin with chemotherapeutic drugs in breast cancer treatment. In support of this idea, mTOR inhibitors have been shown to sensitize the cells to cisplatin (56) , a common chemotherapeutic drug that causes DNA crosslinkage. DSBs are generated during the repair of cisplatininduced DNA damage, and HR-mediated repair is a major mechanism to repair cisplatin-induced DNA damage (57, 58) . Therefore, our findings are not limited to the understanding of the mechanism of the radiosensitivity of mTOR inhibitor but also explain how mTOR inhibitors sensitize tumor cells to chemotherapy drugs that induce DSBs. In summary, the inhibition of DNA DSB repair by rapamycin is shown to be a molecular mechanism of radiosensitization by mTOR inhibitors. Our study suggests that using mTOR inhibitors in combination with radiation might be a valuable therapeutic approach for treating breast cancer tumors that should be tested in clinical trials. Supplementary Fig. S1 . IRIF of c-H2AX are not colocalized with PML bodies in cells pretreated with rapamycin before and after irradiation. Rapamycinpretreated MCF7 cells were treated with or without 8 Gy ionizing radiation and 6 h later the cells were fixed. The fixed cells were costained with anti-c-H2AX (clone JBW301, Millipore) and PML (Abcam, ab53773) antibodies. Supplementary Fig. S2 . HR-mediated DSB repair and fast repair of ionizing radiation-induced DSBs are defective in RAD001-treated MCF7 cells. Panel A: The cells treated with RAD001 show a decreased HR frequency induced by I-SceI expression. At 4 h after transfection of the I-SceI expression plasmid, cells were exposed to RAD001 (20 nM) or vehicle, and the treatment was continued for 4 h. HR was analyzed 48 h after removal of RAD001. Results are the means from three independent experiments, bars, SE; t test, P , 0.01, statistically significant difference in I-SceI-induced HR between cells treated with vehicle and cells treated with RAD001. Panel B: Relative ionizing radiation-induced DSBs in cells with or without RAD001 pretreatment. Exponentially growing cells were treated with RAD001 for 4 h and then exposed to 8 Gy. The comet assay was performed under neutral conditions immediately after 30 min after irradiation. At least 150 images per point were analyzed at the indicated times. The results are from three independent experiments. Note the significant increase in DSBs at 30 min after irradiation in cells with RAD001 pretreatment compared to the cells without RAD001 pretreatment (t test, P , 0.05 for 30 min postirradiation). http://dx.doi.org/10.1667/RR2323.1.S1
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